Forces on floating particles
When particles suspended in a fluid are subjected to a uniform electric field they become polarized and interact electrostatically with each other. The dipole-dipole force on a spherical particle i due to particle j in the point-dipole approximation limit is given by [S1,S2] where r e = i j i j r r r r   is the unit vector along the line joining the centers of the two spheres,  e is a unit vector normal to r e in the plane containing the electric field direction,  is the angle between the electric field direction and r e . Here r = i j r r  is the distance between the particles, 0 E is the electric field intensity (or the rms value of the electric field in an ac field),  0 = 8.8542x10 -12 F/m is the permittivity of free space, a i and a j are the radii of the particles and c pi
is the Clausius-Mossotti factor of the i th particle. Here pi  and c  are the permittivities of the i th particle and the ambient fluid, respectively.
For an ac field, is the real part of the complex Clausius-Mossotti factor which also depends on the conductivities of the fluid and particles and the frequency of electric field. Equation (S.1) is used to model the dipole-dipole force between particles trapped in a fluid-liquid interface when a uniform electric field is applied normal to the interface. The Clausius-Mossotti factors have been estimated numerically accounting for the fact that the particles in the interface are partially immersed in both upper and lower fluids (see [14, 15] ). For two identical particles trapped in an interface the line joining the centers is tangential to the interface and since the electric field is perpendicular to the interface,  in equation (S.1) is 2  . Thus, the force is along the line joining the centers of the particles, and so in the tangential direction to the interface and can be written as are their induced dipole moments (see Fig. S.1 ).
The Clausius-Mossotti (CM) factor  of a particle trapped in an interface depends on the dielectric constants of the upper and lower fluids and the particle, as well as on the position of the particle in the interface (see Fig. S.1 ). The point-dipole approximation often used in computations cannot be used in this case. Instead, one needs to carry out direct numerical simulations based on the Maxwell stress tensor to account for the modification of the electric field by the particles and the fluid-liquid interface (see [14, 15] for details). The position of the particle in the interface depends on the fluids and particle densities, the interfacial tension, and the three-phase contact angle on the surface of the particle, and so the CM factor is difficult to compute analytically. For the results reported in the figure, the interface around the particle was assumed to be flat and the particle position in the interface was varied. h 2 /a) of the particle in the interface; for h=0, the particle center is at the interface. The dielectric constant of the particle is 2.0 and that of the upper liquid is 1.0.
The force can be attractive or repulsive depending on the sign of     > 0. Thus, the force between two particles of the same type is repulsive. The force causes particles to move apart or come together while they remain trapped in the interface. Lateral inter-particle forces, even when they are small, can cause particles to cluster or move apart because particles floating on a liquid surface are free to move laterally. The only resistance to their lateral motion is hydrodynamic drag which can slow the motion but cannot stop it. Also, notice that for two particles of different sizes or with different contact angles, or both, the line joining the centers may not be parallel to the interface, and thus the force may not be tangential to the interface. The component parallel to the interface causes the particles to come together or move apart. The component normal to the interface moves them vertically away from their equilibrium positions, but for the range of electric field intensity considered in our In our experiments, we determined the sign of 2 1   for a particle pair form their tendency to move apart or come closer when an electric field was applied. However, although the lateral dipole-dipole force is proportional to 2 1   , the particles also experience a lateral capillary force which for the particles considered in this study was attractive and so in the absence of an electric field they clustered. Therefore, if the particles moved apart when an electric field was applied, 
a a a   2 1 and r = 2a. Since W/(kT) > 1 for particles larger than approximately 100 nm, the capillary attraction and the dipole-dipole repulsion are stronger than the Brownian force.
The electric field exerts an additional force on floating particles in the direction normal to the interface which alters the magnitude of lateral capillary forces between them [14, 15] . The dependence of the electric force on the parameters such as the dielectric constants of the fluids and particle, and the particle position in the interface was determined numerically in [15] . The direct numerical simulation data was used to obtain the following expression for the vertical electric force:
Here a is the particle radius, and  p ,  a and  L are the dielectric constants of the particle, the upper fluid and the lower fluid, respectively, and 
Vertical force balance and lateral capillary forces
The deformation of the interface due to the trapped particles gives rise to lateral capillary forces that cause them to cluster. Let us consider the vertical force balance for the i th spherical particle trapped in the interface between two immiscible fluids. The buoyant weight F bi of the particle is balanced by the capillary force F ci and the vertical electric force F evi,
The buoyant weight can be written as ) , , ,
, where g is the acceleration due to gravity, pi  is the density of the i th particle, L a   and are the densities of the upper and lower fluids, ci  and i h 2 define the floating position for the i th particle (see Fig. S2 ), and bi f is the dimensionless buoyant weight which is a function of the included arguments (see [15] ). Also, it is easy to deduce from Fig. S3 that the capillary force F ci can be written as
, where  i is the three-phase contact angle on the surface of the i th particle and  is the interfacial tension (see [4] for the details). Using these expressions in equation (S.6), we obtain
The above equation takes the following dimensionless form
(S.8)
is the electric Weber number for the i th particle.
The external vertical force acting on a particle in equilibrium is balanced by the vertical component of the capillary force that arises because of the deformation of the interface. The profile of the deformed interface around a particle can be obtained by integrating Laplace's equation and using the boundary conditions that the interface far away from the particle is flat and that the angle between the interface and the horizontal at the particle surface is known in terms of the total external force acting on the particle. It can be shown that the interface height
at a distance r from particle i is given by (see [1, 15] 
. In obtaining above expression we have ignored the influence of the electrostatic stress on the interface, and assumed that the interfacial deformation is small. Now, let us consider a second particle j at a distance r from the first particle. The height of the second particle is lowered because of the interfacial deformation caused by the first particle, and thus the work done by the electrostatic force and gravity (buoyant weight) on particle j is
is the vertical force acting on the j th particle. Notice that the works done by the electric force and gravity have been treated in a similar manner because both of these force fields are external to the fluid-particle system. The analysis does not account for the multi-body electrostatic interactions among floating particles and so, strictly speaking, our results are applicable only when the particle concentration is small.
Using equations (S.8) and (S.9), in equation (S.10) we obtain
In Fig and r = 2a. The figure shows that for these parameter values, the interaction energy (S.11) is significant for nano sized particles. The capillary force can cause particles to cluster only when the interaction energy is greater than kT. When the net external vertical force acting on the particles is small in the sense that the associated interaction energy is smaller than kT they do not cluster as their motion is dominated by thermal fluctuations. Also notice that the interaction energy is positive when the sign of one of the factors in the curly brackets is negative and of the other positive. In this case, the capillary force between the particles is repulsive.
The lateral capillary force between particles i and j is given by
is the modified Bessel function of first order. For two particles far away from each other, the above reduces to Furthermore, if the vertical electric force on a particle is not in the same direction as the buoyant weight, there is a critical electric field intensity for which the net vertical force acting on the particle becomes zero. For this critical field intensity, the lateral capillary force between the particle and any other particle is zero, even when the latter particle deforms the interface and the latter type of particles cluster.
The electric field, therefore, can be used to selectively decrease, and even eliminate, the capillarity The relative magnitudes of the lateral capillary force and the dipole-dipole force, and their signs determine the equilibrium spacing between the particles. Both of these forces vary with the electric field intensity and the distance. The capillary force varies inversely with the distance, and the dipole-dipole electric force inversely with the fourth power of the distance. Therefore, the former dominates when the distance is large and the latter dominates for smaller distances.
The dimensionless equilibrium spacing between two particles can be obtained by setting the total lateral force in equation (S.14) to zero, and solving it for r = eq r . If both terms are negative (attractive), the particles come together. If the second term is repulsive, the particles move away from each other to a distance where the two forces become equal. A stable non-zero spacing, which is possible only when the dipole-dipole force is repulsive and the capillary force is attractive, is given by
This expression gives the dependence of the dimensionless equilibrium spacing on the electric field intensity and other parameters of the problem. Here eq r has been nondimensionalized by i a which is taken to be the radius of the larger of the two particles. The particles touch each other in equilibrium if eq r is less than the sum of their radii. Since the capillary and dipole-dipole forces both vary with the electric field intensity, the equilibrium spacing can be varied by adjusting the field intensity. The dimensionless parameters vi f , i  and bi f , i=1, 2, themselves depend on several parameters. Also note that the above analysis is for two isolated particles and so not directly applicable to a monolayer where the concentration of particles is not small. It however provides an estimate of the forces that are important in determining the microstructure of a monolayer.
Lateral forces for particle mixtures
For a mixture containing two different types of particles, say "1" and "2", there are three different pairs of lateral dipole-dipole and capillary forces whose relative strengths and directions determine the particle scale arrangement for the mixture. The three pairs of forces are those between: (i) particles of type 1; (ii) particles of type 2; and (iii) particles of types 1 and 2. The lateral capillary force between two particles of the same type is attractive, but the force between the particles of different types can be attractive or repulsive. The latter is the case when one is hydrophobic and the other is hydrophilic [1, 2, 4, 5] . For all of the particle pairs considered in this paper the lateral capillary force was attractive. The magnitudes of capillary forces for the different particle pairs were however different.
The three pairs of dipole-dipole forces are proportional to: (i) 
. The first two of these are between two particles of the same types, and so are repulsive. The third is between particles of different types which can be attractive or repulsive. For 2 1   > 0 the dipoledipole force between the particles of types 1 and 2 is repulsive, and so this case is similar to that of one type of particles, except that the magnitudes of the three pairs of forces would be, in general, different.
Furthermore, the dipole-dipole forces vary with the particle size. Consequently, the monolayers will have three different lattice distances corresponding to the three pairs of inter-particle forces.
The focus of this paper is on monolayers containing two types of particles for which 2 1   < 0. This case is interesting because the dipole-dipole forces cause particles of the same types to move apart, but those of types 1 and 2 come together. The relative strengths of these forces, which determine their particle scale arrangement, depend on the particles sizes, the electric field intensity, and their intensities of polarizations. The latter can be varied by selecting upper and lower liquids with suitable dielectric properties.
Self-assembly of monolayers of mixtures of particles
As discussed in the section on Materials and Methods, a monolayer of particles on an air-liquid interface was formed by sprinkling the mixture onto the liquid surface, and then the chamber was covered with a transparent upper electrode and the electric field was applied to derive the self-assembly process.
For forming a monolayer on a liquid-liquid interface, the mixture was suspended in the upper (or the lower) liquid through which it sedimented (or rose) to the interface and the electric field was applied after the mixture was adsorbed at the interface. We considered monolayers of mixtures of spherical particles, and of spherical and non-spherical particles. Spherical particles used were copolymer and glass particles, and non-spherical particles were cubical salt crystals. The air-liquid interfaces considered were corn oil, a mixture of castor and corn oils, Silicone oil, and the liquid-liquid interface considered contained corn oil as the upper liquid and Silicone oil as the lower liquid.
For the cases considered in this paper, glass particles and salt crystals were positively polarized which was ensured by selecting the lower and upper fluids with dielectric constants smaller than that of the particles. Although these particles were positively polarized, their intensities of polarizations were different in the fluid-liquid interfaces considered. Copolymer particles were negatively polarized for all of the cases considered, and their intensity of polarizations were also different in the fluid-liquid interfaces considered. Their sense of polarization in an air-liquid interface, however, could not be determined from the dielectric constant values alone because they were partly immersed in the air and partly in the lower fluid, and their dielectric constant was smaller than that of the lower liquids, but was larger than that of air. To determine their sense of polarization, we conducted experiments in which the approach velocity of a copolymer particle and a positively polarized particle was measured as a function of the electric field intensity. We found that the velocity increased with increasing field intensity, and hence the dipole-dipole force between the copolymer particle and the positively polarized particle was attractive, and so the former was negatively polarized.
The dipole-dipole force between two particles depends on the product of their intensities of polarizations and so the polarizabilities of both particles are important. The force between identical particles, which varies as the square of their intensity of polarization, can be very small for weakly polarized particles. If one particle is intensely polarized and the other is weakly polarized, the force can be moderately strong. For the fluid-liquid interfaces considered, the intensity of polarization of copolymer particles in increasing order was on: corn oil, the mixture of corn and castor oils, Silicone oil, and corn oil-Silicone oil interface. Consequently, the repulsion between copolymer particles was the weakest on a corn oil surface and the strongest in the interface between corn oil and Silicone oil. On the mixture corn and castor oils, the repulsion was weak, but stronger than on corn oil. The repulsion on the surface of Silicone oil was stronger than on the oil mixture. The intensity of polarization of positively polarized glass particles in decreasing order was on: corn oil, the mixture of corn and castor oils, Silicone oil, and corn oil-Silicone oil interface. Thus, the dipole-dipole repulsion between two glass particles was the strongest on corn oil and the weakest in the interface between corn oil and Silicone oil.
In addition to the electric field intensity and the intensities of polarizations of the particles, the hierarchical arrangement of a monolayer depended on the diameters of the particles. The arrangement for a mixture of ~71 µm copolymer and ~150 µm glass particles on the surface of corn oil is shown in Fig. 1 , and on the surface of the oil mixture in Fig. S4a . On both liquids, copolymer particles formed rings around glass particles to form composite particles. The electric field caused intensely polarized glass particles to move several diameters apart from each other to arrange on a triangular lattice implying that the repulsive dipole-dipole forces among them were the strongest. The number of copolymer particles in the ring of a glass particle depended on the local concentration of copolymer particles, and since the local concentrations of the two types of particles in the mixture was not uniform, the number of particles in the rings varied. The particles of a ring touched each other since the repulsion between copolymer particles was weaker than their attraction towards the glass particle, but this tendency was slightly weaker on the surface of the oil mixture.
On the surface of Silicone oil, the repulsive forces between the copolymer particles of a ring were stronger and so in the presence of a strong electric field they did not touch each other (see Fig. S4b ). If a ring contained more than six particles, the copolymer particles of the ring moved away from the glass particle at the center increasing the ring diameter so that the additional copolymer particles could be accommodated in the ring without touching each other. In the rings with fewer particles, there was sufficient space between the particles and so they remained in contact with the glass particle at the center.
The structure of composite particles in Fig. S4b is thus similar to that in Fig. 2 where the smaller sized particles were more intensely polarized. On the surface of a Silicone oil. The applied electric field was 5300 V.
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For the case described in Fig. 1 , the larger sized particles (150 µm glass spheres) were polarized more intensely than the smaller particles (71 µm copolymer particles). For a mixture of ~71 µm copolymer and ~20 µm glass particles described in Fig. 2 , on the other hand, the smaller particles were polarized more intensely than the larger ones. Thus, in the latter case, although glass particles were about three times smaller than copolymer particles, they repelled each other relatively more strongly and formed a triangular lattice in which copolymer particles were imbedded. This was also the case on the surface of the oil mixture (see Fig. S5 ). On both of these liquid surfaces, some glass particles remained agglomerated because of their small size. Also, since copolymer particles were negatively polarized and were of larger size, they attracted the nearby (positively polarized) glass particles to form composite particles. The distance between glass particles of the lattice increased continuously with increasing electric field intensity, but this increase in the lattice spacing was not accompanied a decrease in the number of glass particles in the ring of a composite particle, except when the intensity was increased above a critical value at which a glass particle was expelled from the ring because of the increased repulsive electric forces between them. The expelled particles were absorbed in the lattice which expanded to accommodate them (see Fig. 2 ).
The repulsive dipole-dipole forces between the glass particles in the rings of Figs. 2 and S5 were strong and so they did not touch each other (unless they were agglomerated) which limited their number in the rings. This and the fact that an increase in the electric field intensity above a critical value caused a particle to escape from the ring to the lattice implies that the intra-composite particle forces holding the composite particles together were weaker than those in Figs. 1 and S4a . For the cases shown in the latter figures, the particles of the rings were held tightly by the glass particles at the center and so they could not escape when the electric field intensity was increased. In Fig. S4b , the intra-particle forces were in the intermediate range. The repulsive forces between the particles of a ring caused them to move away from each other, but were small compared to the attractive forces with the glass particle at the center, and so they remained close to it when the electric field was increased.
Initial Final Figure S5 . Monolayers of mixtures of 20 µm glass and 71 µm copolymer particles formed on the surface of a 30% castor oil and 70% corn oil mixture. The magnification for the first photograph is 50X and for the second 200X. The applied electric field was 5300 V.
In Fig. S6 , on the other hand, negatively polarized copolymer particles (larger in size) were more intensely than positively polarized glass particles as the dielectric constant of Silicone oil was relatively larger. This was the case for both 71 µm copolymer and 45 µm glass particles in Fig. S6a and 71µm copolymer and 20 µm glass particles in Fig. S6b . Therefore, copolymer particles arranged on a triangular lattice and glass particles formed rings around the copolymer particles. The glass particles of the rings did not touch because of the dipole-dipole repulsion between them. The structure here is therefore similar to that in Figs. 1 and S4a where the larger sized particles were arranged on a triangular lattice, except that the particles of the rings did not touch. The preferred arrangement for a mixture of approximately equal sized particles, ~71 µm copolymer and ~63 µm glass particles, was to form chains. This was observed on corn oil, the mixture of corn and castor oils, Silicone oil, and in the interface between corn and Silicone oils (see Figs. 3 and S7 ). On corn oil, the dipole-dipole repulsive forces between glass particles were the strongest, and between copolymer particles the weakest. The attractive dipole-dipole forces between glass and copolymer particles were moderately strong. Therefore, glass particles arranged in a triangular lattice, and attracted neighboring polymer particles to form chains. Short particle chains formed immediately after the electric field was applied and then some of these nearby chains merged to form longer chains. The simplest chains contained two particles, one glass particle and one copolymer particle. The next simplest chain contained a copolymer particle in the middle and two glass particles on the diagonally opposite sides. The repulsion between the glass particles made three-particle chains approximately linear. Longer chains which formed by the merger of shorter chains were not linear and contained braches and some contained agglomerates of two or more copolymer particles. These negatively polarized copolymer agglomerates attracted nearby glass particles and shorter chains more strongly because of their larger size, serving as the anchors for the formation of longer chains in which glass and copolymer particles alternated.
The tendency to form chains was enhanced on the mixture of castor and corn oils (see Fig. 3 ); the chains were relatively well organized and longer. This was a result of the fact that the dielectric constant of the mixture of castor and corn oils was larger, and so the negative polarization of copolymer particles was enhanced and the positive polarization of glass particles was reduced. This reduced the repulsive dipole-dipole force between glass particles, but increased the attractive force between copolymer and glass particles, making the magnitudes of repulsive and attractive forces more comparable.
The monolayer arrangement on Silicone oil was qualitatively similar. Particles formed chains in which copolymer and glass particles alternated. However, since the dipole-dipole repulsive force between copolymer particles and between glass particles were comparable, fewer copolymer particles remained agglomerated in the presence of a strong electric field. On corn oil, on the other hand, more copolymer particles remained agglomerated. The arrangement in the interface between corn oil and Silicone oil was qualitatively similar. These results show that when the sizes of positively and negatively polarized particles are comparable the preferred arrangement for them is to arrange in chains. Here lij F is the force on particle i due to particle j, ij e is the unit vector from the center of particle i to particle j, and ij r is the distance between the centers of particle i and particle j. Furthermore, when a particle adsorbed in a fluid-liquid interface moves because of these inter-particle forces it experiences a drag force. Since the particle velocity during the self-assembly process remains small, we can use the Stokes equation to estimate the drag
where  is the viscosity of the lower fluid, i u is the velocity, and  is a parameter which accounts for the fact that the particle is immersed in both upper and lower fluids [4] . where m i is the effective mass of the i th particle which includes the added mass contribution. The above system of equations for n particles was discretized using a second order scheme in time (see ref.
[S3-S4]).
A hard sphere potential was used to avoid overlapping of the particles [S5].
We next describe the results of our simulations in which the parameters have been selected to match the values in our experiments. The self-assembly process was simulated by placing n particles on a regular grid, and then these positions were moved randomly such that the particles did not overlap. The equations were integrated in time until a stable monolayer arrangement was obtained.
For particle mixtures adsorbed on the corn oil surface, the fluid and particle properties appearing in equations (S.14) and (S.17) were:  a = 1.0,  L = 2.87; the dielectric constants of glass and copolymer particles were 6.5 and 2.5, respectively; and the density of glass and copolymer particles were 2.5 and 1.05, respectively. The corn oil viscosity was assumed to be 65 cP. Based on these values, the theoretical estimates of the Clausius-Mossotti (CM) factors of the particles were 1  = 0.297 and 2  = 0.045. Here the subscripts "1" and "2" refer to glass and copolymer particles. The values of the remaining parameters in equations (S.14) and (S.17) were estimated to be fv 1 = 0.1, fv 2 = 0.1, fb 1 = 1.5, fb 2 = 0.05 and  = 0.5 (see [4] ). The particle sizes were assumed to be equal to the value in our experiments and the electric field strength E 0 was obtained in terms of the applied voltage (V) and the gap between the electrodes (L).
Using these parameter values, the values of p 1 , p 2 , w 1 The three distinct size dependent regimes identified in our experiments for the mixtures of glass and copolymer particles on corn oil were also found in our numerical simulations. The summary of our simulation results is as follows:
1. In Fig. S.8 , the larger sized particles were positively polarized (the same properties as of the glass particles in our experiments) and the smaller particles were negatively polarized (the same properties as of the copolymer particles in our experiments). The larger sized particles attracted the smaller ones to form composite particles similar to those seen in the experiments (see Fig. 1 ). Also, as in our experiments, the spacing between the composite particles increased with increasing electric field intensity, while the spacing between the copolymer particles of the rings remained unchanged. The average distance between the composite particles of the lattice in Fig. 1d was approximately 12% larger than the experimental value in Fig. 1b for the same electric field intensity. This agreement is good considering the fact that approximations were made in obtaining equation (1) and that equation (S.16) is obtained by performing a pair-wise addition of the particle-particle forces. In Fig. S8d , we consider the case where the ratio of the number of small to larger particles is 3:1 and so there were not enough smaller particles needed to form complete rings around all of the larger particles. Also, we placed a higher concentration of smaller particles near the left and bottom sides. Notice that the composite particles in this case contain fewer particles and the number of particles in the rings of composite particles farther away from the left and bottom sides is smaller. This shows that for obtaining composite particles with uniform composition the mixture should be uniformly mixed.
2. Figure S .9 shows a case in which the smaller sized particles were more intensely polarized. This case corresponds to Fig. 2 where glass particles were about three times smaller than less intensely polarized copolymer particles. As in the experiments, the smaller particles formed a triangular lattice in which the larger particles were imbedded. The larger particles attracted nearby smaller particles in the lattice and together they formed composite particles. The number of smaller particles in the composite particles varied between 3 and 5 depending on the electric field intensity, which also agrees with the experimental results. We also varied the electric field intensity to investigate the strength of intra-particle forces. When the electric field strength was increased to 700 kV/m a smaller sized particle escaped from the rings reducing the number of particles to 4. The escaped particles were absorbed in the lattice which expanded to accommodate them. In this regime the intra-composite particle forces were weaker than in the first regime and the particles forming the rings did not touch each other.
3. Figure S .10 shows a third regime for which the size of positively and negatively polarized particles was comparable. In this case, instead of forming ring-like arrangements particles arranged in chains in which the positively and negatively polarized particles alternated. Initially, particles formed doublets of positively and negatively particle, and then these doublets merged to form longer chains. These simulation results are similar to those shown in Fig. 3 for a mixture of glass and polymer particles. Notice that particles came together with time to the equilibrium spacing. The exact distribution depended on the initial distribution of particles. This shows that when the positively and negatively polarized particles are of the comparable sizes they self-assemble to form particle chains.
It is noteworthy that the particle and fluid properties for the above three numerically assembled monolayers were the same and only the particle sizes and the electric field intensities were varied. This was also the case for the experimental results reported in this paper. This shows that the theoretical model given by equations (1) how the monolayer expands or shrinks with the electric field intensity. Notice that the distance between the composite particles increased with increasing electric field intensity, but the number of particles in the rings of composite particles remained constant. In (d) the electric field strength was the same as in Fig.   1d , but the ratio of the number of small to larger particles was 3:1 and a larger fraction of particles were initially near the left and bottom sides. Notice that since there were not enough small particles and that their concentration was initially larger near the left and bottom sides, the particle rings in this region contain more particles. 
